A significant association between increased arterial stiffness and the development of cardiovascular disease has led to the increased use of arterial stiffness in the clinical assessment of cardiovascular risk. Various methods are currently available. With advances in technology, the assessment methods have become easy to use and more acceptable to patients. However, the different techniques that are available measure arterial stiffness at different locations and have unique indices for arterial stiffness. For the appropriate assessment of arterial stiffness, accurate and reproducible measurements of arterial stiffness are essential. Here we review the methodological aspects of the measurement of arterial stiffness and provide information on the measurement methods available and their clinical applications. 
Introduction
Blood pressure is largely influenced by cardiac contraction, large artery stiffness and the reflection of peripheral waves. During systole, cardiac contraction propels blood flow through the arterial system and this generates pressure waves that are propagated to all of the arteries in the body. When the pressure waves reach branch points, or sites of impedance mismatch, the pressure wave is reflected and returned to the heart. The reflected waves usually arrive during diastole at the heart and merge with the diastolic pressure wave.
1)
When the arterial wall is compliant, the travel rate of the pressure pulse is relatively slow. Slow reflected pressure waves return to the central aorta during diastole, augmenting the diastolic blood pressure and the coronary blood flow. However, an increase in the arterial stiffness causes more rapid traveling pressure waves. In this situation, the reflected pressure waves return to the central aorta earlier and augment the central systolic blood pressure. Augmented central systolic blood pressure increases the left ventricular workload and compromises the coronary blood flow.
2)
The importance of arterial stiffness on the development of cardiovascular disease has recently been appreciated. The measurement of arterial stiffness is frequently used to predict the risk of cardiovascular disease. [3] [4] [5] Thus, the recently published guidelines for the management of hypertension have adopted measurement of arterial stiffness, by pulse wave velocity, for the evaluation of subclinical organ damage in hypertensive subjects.
6) The clinical applications of arterial stiffness are as follows: 1) risk prediction of cardiovascular events; 2) endpoints in non-pharmacological and pharmacological studies; 3) evaluation of the hemodynamic changes observed in various clinical conditions and the pathogenesis of their cardiovascular complications. In the present paper, we review the methods used for the noninvasive assessment of arterial stiffness.
Assessment of Arterial Stiffness

Regional arterial stiffness
Pulse wave velocity
The contraction of the left ventricle ejects blood into the ascending aorta, dilating the aortic wall and generating a pressure pulse wave. The generated pressure pulse wave is propagated to the distal arterial tree at a different speed depending on the arterial segments. In stiffened arteries, the speed of the propagating pressure pulse wave becomes higher. The velocity of the pressure pulse wave propagation is based on the pro-pagative model. The major determinants of the pulse wave velocity (PWV) are the elastic properties of the arterial walls and the geometry of the artery as well as the blood viscosity. Moens-Korteweg introduced an equation defining the PWV as follows: PWV 2 =(E· h)/(2r·ρ), where E is Young's modulus in the circumferential direction, h is the wall thickness, r is the radius, and ρ is the blood density.
7) The PWV also can be calculated by measurement of the transit time of the pulse waves and the distance between two recording points. Therefore, the measurement of the arterial PWV is simple and reproducible.
The pulse waves in each artery (carotid, femoral, radial, and tibial arteries) can be recorded noninvasively with various sensors [8] [9] [10] or continuous Doppler probes.
11)
The pulse wave transit time is the time delay between the proximal and distal pulse waves, as determined by the foot-to-foot method. The foot of the pulse wave is the point of minimal diastolic pressure or the systolic upstroke of the pulse wave. However, the precise determination of the foot of the pulse wave is difficult using a manual method. Currently, determination of the foot of the pulse way can be rapidly and easily performed with the aid of a computer. The "second derivative method" and the "intersecting tangent method" are the most reproducible computer algorithm available for the determination of the foot of the pulse wave.
12)
The distance between two recording points is measured over the body surface with a tape measure. The measured distance is not the true distance traveled by the pulse wave, but an estimate. The tape measurements may overestimate the distance in an obese person and underestimate the distance in patients with a tortuous aorta. The PWV is calculated with the measured pulse wave transit time (∆t) and distance (D) as follows ( An average of 10 consecutive beats or the number of beats during a 10 second interval are evaluated for several respiratory cycles.
8) The PWV can be measured at different locations: 1) the carotid-radial PWV, from carotid to radial artery; 2) the femoro-tibial PWV, from femoral to tibial artery; 3) the carotid-radial PWV, from carotid to femoral artery; 4) the brachial-ankle PWV, from brachial to tibial artery.
Recent advances in technology make measurement of the regional PWV easy. The Complior System (Artech Medical, Pantin, France) measures the PWV automatically with sensors applied directly onto the skin, obtaining pulse waves from two points simultaneously. This device is most widely used in epidemiology studies, and provides predictive information on the PWV for cardiovascular events. The SphygmoCor system (AtCor, Sydney, Australia) uses sequentially measured pulse waves from two sites, and the pulse wave transit time is calculated by gating to the peak of the R wave of the electrocardiogram.
13) The pulse wave transit time is the subtraction of the time between the R waves and the proximal pulse wave from the time between the R waves and the distal pulse wave. A single high-fidelity applanation tonometer (Millar) is used to record the pulse waves. This device can also measure the central aortic blood pressure and augmentation index. The VP-1000/2000 (Colin Co, Komaki, Japan) is a unique device adopted for the measurement of the brachial-ankle PWV. 10) Pulse waves from the brachial and tibial arteries are obtained with plethysmographic sensors incorporated into a blood pressure cuff that is wrapped around both of the arms and ankles. 10) This device can also measure the central aortic PWV (heart-femoral PWV) and peripheral PWV (femoral-ankle PWV) with tonometric sensors. 14) 15) The results of small studies have shown that the brachialankle PWV was an independent predictor of cardiovascular death and cardiac events in elderly persons in the community 16) as well as patients with coronary artery disease. 17) Although data on the value of the brachial-ankle PWV for the prediction of cardiovascular events is limited, the brachial-ankle PWV is easy to measure and has the potential for screening applications.
The carotid-femoral PWV reflects the aortic PWV and is considered the 'gold-standard' measurement of arterial stiffness.
18) The carotid-femoral PWV has been shown to be an independent predictor of cardiovascular morbidity and mortality in the general population, 5) hypertensive patients, 3) patients with end stage renal disease, 4) and elderly subjects. 19) In 2007, the European Society of Hypertension/European Society of Cardiology adopted the carotid-femoral PWV as a clinical variable for the stratification of cardiovascular risk in patients with hypertension.
6) However, the interpretation of data from different methods of PWV measurement or meta-analyses should be considered with cau- tion because the length that the measured pulse waves travel depends on the measurement methods. Moreover, there are many physiological factors affecting the PWV. The PWV depends on the blood pressure. An increase in blood pressure increases the PWV. 8) An acute increase in the heart rate also elevates the PWV. 20) These dynamic changes should be considered along with the changes in blood pressure when interpreting repeated measures of PWV in clinical trials or during the follow-up of patients. 14) Age is also associated with an increase in the PWV; this association is independent of blood pressure and other cardiovascular risk factors.
21)
Local measurement of arterial stiffness
Arterial distensibility and compliance are the expression of the relationship between the absolute or relative changes in the arterial volume and the distending pressure, given the assumption that the relationship between the changes in the luminal cross-sectional area and pressure are linear and that the length of the artery is constant during contraction. 22) Arterial distensibility is expressed in terms of the relative change in the arterial volume for given pressure changes, and this is the inverse of the elastic modulus. However, in clinical practice, it is impractical to accurately measure the arterial volume and volume changes. Thus, for practical purpose, the arterial distensibility can be easily calculated as follows:
Distensibility coefficient (Pa
Where ∆A is the difference in systolic and diastolic arterial cross-sectional area, ∆P is the pulse pressure, D max and D min are the maximum and minimum arterial diameter for the pressure changes, and ∆D is the difference in systolic and diastolic arterial diameter. D is either the end-diastolic or averaged arterial diameter.
Arterial compliance is the expression of the absolute change in the arterial volume for a given pressure change:
Compliance (cm 2 /mmHg or m 2 /Pa)=∆A/∆P=π (D max 2 -D min 2 )/4∆P=π(2∆D×D+∆D 2 )/4∆P. Incremental or Young's elastic modulus is another index of arterial stiffness and measures strain on the arterial wall. 23) For calculation of the elastic modulus, changes in the arterial luminal diameter and arterial wall thickness are used and expressed as follows:
Incremental or Young's elastic modulus (mmHg/cm or Pa/cm)=(∆P×D)/(∆D×h) where h is the arterial wall thickness. Young's elastic modulus is the ratio of stress and strain on the arterial wall and a measure of intrinsic stiffness of the arterial wall.
Arterial stiffness is closely associated with blood pressure. The expression of arterial distensibility and compliance is a function of blood pressure. Some investigators have tried to calculate the arterial compliance independent of the blood pressure effect. This is referred to as the beta-stiffness index; 24) there is a mathematical correction for the blood pressure effect. 25) Because it is cumbersome, the mathematical correction is not commonly used. However, the beta stiffness index (β), which is relatively independent of transient blood pressure changes, using the logarithmic conversion of the ratio of systolic and diastolic blood pressure, is easier to use:
β=ln(SBP/DBP)×D/∆D; where SBP is the systolic blood pressure and DBP is the diastolic blood pressure.
Ultrasound is commonly used to measure the arterial diameter. For this measurement, ultrasound uses an echo tracking method with radiofrequency tracking 26) or Doppler processing 27) for the detection of the displacement of the near and far walls of the arteries (Fig. 2) . However, this method is too expensive and not practical for the clinical setting. A B-mode ultrasound can be used with automatic image processing.
28) The systolic and diastolic diameter can also be measured manually from the B-mode image with electronic calipers and the aide of electrocardiography. 29) Alternatively, the arterial elastic properties can be measured with the M-mode ultrasound. 30) However, neither the B-mode or the Mmode ultrasound can measure the changes in the diameter accurately; however, they are not expensive and can be used in the clinical setting. The important issues to consider when using ultrasound for the evaluation of arterial stiffness include: operator dependent accuracy and the site of measurement of the blood pressure in relationship with the systemic application of locally determined arterial stiffness. A poor quality image cannot be used for accurate detection of changes in the arterial diameter. Another issue is that the blood pressure is needed for calculation of the arterial stiffness indices. Most studies use the brachial blood pressure when evaluating the aorta and carotid arterial stiffness; however, this assumes that the blood pressure of the aorta and carotid arteries is similar to the brachial artery. However, the pulse pressure is not constant along the arterial tree.
31) The systolic pulse pressure of the peripheral muscular arteries is higher than the central elastic arteries, i.e. the aorta and carotid arteries. Therefore, investigators assess the carotid and aorta blood pressure with applanation tonometry using a transfer function. Whether locally measured arterial stiffness can reflect the stiffness of other arteries remains an unresolved issue. Arterial distensibility and compliance measures arterial stiffness with the assumption that the arterial segment is a cylindrical tube. However, the progression of atherosclerosis is not equally distributed among the arteries. 32) Atherosclerosis of the common carotid artery is less common than at the carotid bifurcation and internal carotid artery. 33) In subjects with high blood pressure and/or diabetes, the carotid-femoral PWV and carotid stiffness does not provide similar information on the impact of aging on large artery stiffness. 34) However, locally determined common carotid artery stiffness is moderately associated with aortic stiffness independent of the traditional cardiovascular risk factors. 29) Clinical studies have shown that increased local arterial stiffness is significantly associated with increased cardiovascular risk in patients with end-stage renal disease; 35) this suggests the potential utility of common carotid artery stiffness values for cardiovascular risk assessment.
The MRI can also be used for the measurement of aortic distensibility. 36) Aortic distensibility in healthy subjects, evaluated by MRI, has been shown to be greatest in the ascending aorta, followed by the aortic arch and proximal descending aorta. 36) However, MRI is expensive and not practical for routine clinic use.
Systemic arterial compliance
Arterial compliance is defined as the relationship between the change in volume and the change in distending pressure. One of the methods used for measuring systemic arterial compliance is the "area method", 37) expressed as follows:
Systemic arterial compliance=A d /[R×(P s -P d )], where Ad is the area under the diastolic decay portion of the pulse pressure curve (from end systole to end diastole), R is the total peripheral resistance, Ps is the end-systolic aortic blood pressure, and Pd is the end-diastolic aortic blood pressure (Fig. 3) . The pressure waveform representing the aortic root driving pressure is derived from the carotid artery waveform with applanation tonometry of the proximal right carotid artery. The central systolic blood pressure is derived from the calibration of the pressure obtained by tonometry against the brachial blood pressure measured simultaneously. The total peripheral resistance is calculated as the mean arterial blood pressure divided by the mean blood volume flow. The continuous flow velocity of the ascending aorta can be measured with the Doppler flow velocimeter placed on the suprasternal notch. The mean volume of flow is the product of the average systolic flow multiplied by the aortic root area measured by echocardiography. Another simpler method is the ratio of the stroke volume to the pulse pressure as follows: 38) Compliance=SV/∆P, where SV is the stroke volume and ∆P is the pulse pressure. The stroke volume can be measured invasively or calculated with an equation. Although an accurate estimation of the stroke volume is difficult, the prognostic value of the stroke volume/pulse pressure has been reported. 38) The capacitive (large artery) and oscillometric (small artery) systemic arterial compliance can be calculated with the use of pulse wave analysis and a modified Windkessel model (diastolic pulse contour analysis). 39) A tonometric sensor is applied onto the radial artery and an oscillometric sensor onto the contralateral brachial artery. The validity of the modified Windkessel derived compliance is however doubted; this is because of the differences in the compliance of the arms and legs, which suggests a strong influence of regional circulatory properties. 40) The methods used for the measurement of systemic arterial compliance are based on a theoretical model that is simplified for research purposes. The prognostic value of the systemic arterial compliance however has not been determined.
Pulse wave contour analysis
Augmentation index
The arterial pressure wave is composed of a forward pressure wave that arises from the left ventricular ejection and a backward (reflected) pressure wave. The backward pressure occurs mainly as a consequence of wave reflection. The wave reflection is created primarily by impedance mismatch at the branch points of the arterial system with very small resistance from the arterioles.
1) There are many reflection points in the body at various distances from the heart. However, reflected waves act like a single wave arising from one functional reflection point. The velocity of the traveling pressure wave is influenced by the stiffness of the arteries. In elastic arteries, the PWV is low. Normally, the reflected wave arrives at the aortic root during diastole and augments the coronary circulation. However, with increased stiffness of the aorta there is an increase in the aortic PWV; in this case the reflected wave returns earlier at the aortic root, during late systole, when the ventricle is still ejecting blood, adding the reflected wave to the forward wave and augmenting the central systolic pressure. Increase in the central systolic pressure and pulse pressure results in an increase in arterial wall stress, progression of atherosclerosis and the development of left ventricular hypertrophy due to the increased left ventricular afterload. 41) The early return of the reflected wave also causes a decrease in the central diastolic pressure; this results in the reduction of the coronary artery perfusion pressure.
1) The augmentation index (AIx) is a commonly used and simple method to measure the effects of wave reflection.
AIx is calculated as follows: AIx (%)=(∆P/PP)×100, where ∆P is the pressure difference between the peak systolic pressure and an early inflection point that indicates the beginning upstroke of the reflected pressure wave, and PP is the pulse pressure.
The second systolic peak is the shoulder of the arterial wave and the first peak is the peak of the central systolic pressure (Fig. 4) . To define the effects of the reflected wave on the left ventricle and coronary artery, the AIx should be measured from the pressure waveform of the central arteries, i.e. the ascending aorta.
However, the direct recording of the pressure waveform, of the ascending aorta, is invasive and not practical in the clinical setting. More recently, the aortic pressure waveform has been derived from the pressure waveform obtained from the superficial arteries, i.e. radial or carotid arteries, using the transfer function. 42) 43) The pressure waveform from the radial artery is recorded non-invasively with applanation tonometry, and then the aortic pressure waveform is derived by a generalized transfer function (SphygmoCor, AtCor, Sydney, Australia). 9) Usually the recording of the pressure waveform from the radial artery is preferred because the radial artery is well supported by bone, allowing an optimal pressure waveform to be recorded. Recording of a pressure waveform from the carotid artery is much more difficult and requires highly trained expertise, although a transfer function is not necessary, since the carotid artery is very close to aorta and the waveforms are similar; these measurements are complicated by obesity and carotid stenosis. Although the use of the aortic AIx derived from the radial pressure waveform is commonly used as an indicator of aortic stiffness, issues regarding the accuracy of the generalized transfer function have been raised. 44) Some investigators have reported no relationship between the central aortic AIx and the aortic PWV, and have suggested that the aortic AIx and PWV cannot be used interchangeably as an index of aortic stiffness. 45) Although it remains to be confirmed, the differences may be due to inaccuracies derived from the central pressure waveform using the generalized transfer function from the radial artery. 46) Reconstruction of the central aortic waveform from the peripheral arteries using the generalized transfer function can also estimate the central aortic pressure from the brachial blood pressure. The estimation of the central aortic blood pressure using the transfer function has been validated for its accuracy.
42) The conditions influencing AIx are age 47) and blood pressure. 48) AIx is also higher in patients with type I diabetes 49) and hypercholesterolemia. 50) Although data on the value of AIx for the prediction of cardiovascular outcomes is limited, the AIx and central pulse pressure have been shown to be independent predictive values for all-cause and cardiovascular mortality in patients with end-stage renal disease, 51)52) in addition to death, myocardial infarction and clinical restenosis in patients undergoing coronary intervention. 53) In the CAFÉ substudy of the ASCOT, there was no difference in aortic PWV between amlodipine and atenolol treatment groups. However, a difference in the central aortic pulse pressure, derived from the brachial artery, suggested that a difference in clinical outcomes between the two treatment groups might be explained by improvement of the wave reflection as a potential mechanism. 
Digital volume pulse wave analysis
The digital volume pulse wave has a characteristic incisura or point of inflection (IP) during the downslope phase. The IP has the tendency to increase with generalized systemic vasoconstriction. 55) In patients with hypertension and arteriosclerosis, the shape of the digital volume pulse loses the rebound wave and becomes triangular. 55) The IP is lowered with nitrates in a dose dependent manner, and can be used for the evaluation of endothelial function.
56) The digital volume pulse waveform can be obtained from the finger with infrared photoplethysmography.
Four waves in systole (a, b, c, and d) and one wave in diastole (e) are obtained from the second derivative of the pressure waveform.
57) The ratio of the height of the d wave and that of the a wave (d/a) have been related to age and arterial blood pressure.
57) The b/a ratio increases with age, c/a, d/a and e/a ratios decrease with age. 57) From these results, the second derivative aging index is defined as follows (Fig. 5) :
Aging index=(b-c-d-e)/a. However, the aortic PWV was reported to be a better marker for the presence of atherosclerotic alterations than the "Aging index". 58) Recently, the "Compliance index" derived from the digital volume pulse waveform was proposed; however, it showed lower values in patients with risk factors. 59) Although measurement of the digital volume pulse wave is easy, portable and useful for epidemiology studies, further investigation is needed for validation of various indices, such as its relationship with central aortic stiffness and predictability of cardiovascular risk.
Ambulatory arterial stiffness index
Ambulatory blood pressure monitoring is commonly used in clinical practice. The 24 hour recording of ambulatory blood pressure allows for the calculation of the regression slope of the diastolic pressure on the systolic blood pressure. The definition of the ambulatory arterial stiffness index (AASI) is as follow:
AASI=1-(the regression slope of diastolic pressure on systolic blood pressure). AASI is significantly correlated with PWV (r=0.51) and the central AIx (r= 0.48). The Dublin Outcome Study showed that the AASI was a stronger predictor than the pulse pressure for fatal stroke in those with ambulatory normotension compared to patients with hypertension, 60) in the general population. 61) However, the AASI was not independently related to the carotid-femoral PWV by the multiple linear regression analysis, and was influenced by nocturnal blood pressure reduction. 62) Moreover, the predictive value of the AASI for cardiovascular mortality and stroke was lower than that reported with the aortic PWV.
3)60) Therefore, further studies are needed to validate the usefulness of the AASI as a surrogate index for arterial stiffness.
In addition to the above mentioned methods, investigations of additional novel approaches are ongoing for use in the clinical setting.
63)
Conclusion
Arterial stiffness is a useful measure for the prediction of cardiovascular risk in the general population, patients with hypertension, diabetes, and end-stage renal disease. A number of methods can be used to measure arterial stiffness noninvasively at low cost that are easily applied in the clinical setting. Clinicians or investigators must choose the method that is appropriate for clinical application and/or research. Thus, the knowledge of the advantages and limitations of each method is essential for accurate and reproducible measurement of arterial stiffness. 
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